Abiotic processes involving the reactive ammonia-oxidation intermediates nitric oxide (NO) 
(NH 3 ) oxidation, but little is known about extracellular NH 2 OH formation by the different clades of 23 ammonia-oxidizing microbes. Here we determined extracellular NH 2 OH concentrations in culture 24 media of several ammonia-oxidizing bacteria (AOB) and archaea (AOA), as well as one complete 25 ammonia oxidizer (comammox) enrichment (Ca. Nitrospira inopinata) during incubation under 26 standard cultivation conditions. NH 2 OH was measurable in the incubation media of Nitrosomonas 27 europaea, Nitrosospira multiformis, Nitrososphaera gargensis, and Ca. Nitrosotenuis uzonensis, but 28 not in media of the other tested AOB and AOA. NH 2 OH was also formed by the comammox 29 enrichment during NH 3 oxidation. This enrichment exhibited the largest NH 2 OH:final product ratio 30
(1.92%), followed by N. multiformis (0.56%) and N. gargensis (0.46%). The maximum proportions of 31 NH 4 + converted to N 2 O via extracellular NH 2 OH during incubation, estimated on the basis of NH 2 OH 32 abiotic conversion rates, were 0.12%, 0.08% and 0.14% for AOB, AOA and Ca. Nitrospira inopinata, 33 respectively, and were consistent with published NH 4 + :N 2 O conversion ratios for AOB and AOA. 34
Introduction 42
Nitrous oxide (N 2 O) is an important greenhouse gas and is currently the third largest contributor to 43 global warming, after carbon dioxide (CO 2 ) and methane (CH 4 ). N 2 O also has deleterious effects in the 44 stratosphere, where it is split photolytically and catalyzes the destruction of atmospheric ozone 1 . In 45 the past two centuries, the atmospheric N 2 O concentration has increased by about 20% from pre-46 industrial levels of 270 ppbv to the current level of 324 ppbv 2 . In addition to denitrification and 47 dissimilatory nitrate reduction to ammonia, aerobic ammonia (NH 3 ) oxidation contributes significantly 48 to N 2 O production in soil 3 . Traditionally, two different biochemical routes are proposed for N 2 O 49 production during NH 3 oxidation in AOB. The first is the oxidation of hydroxylamine (NH 2 OH) to 50 nitric oxide (NO) by hydroxylamine dehydrogenase (HAO) and subsequent reduction to N 2 O 51 catalyzed by NO reductase 4 . The second pathway is the so-called nitrifier-denitrification, by which 52 nitrite (NO 2 -) is reduced to NO and N 2 O by nitrite reductase (NIR) and NO reductase (NOR), 53 respectively [4] [5] [6] . However, recent studies revealed two other routes for the N 2 O production from the 54 AOB N. europaea under anaerobic conditions. One is the direct oxidation of NH 2 OH to N 2 O by the 55 enzyme cytochrome (cyt) P460 7 , and nitrification intermediate NO 8 . Nitrifier-denitrification has 56 been suggested to play a crucial role in N 2 O formation at low O 2 and low pH 9 , whereas pathways 57 related to biological or chemical reactions of ammonia oxidation intermediates (NH 2 OH, nitroxyl 58 (HNO), NO) and/or its product (NO 2 -) may be more important for N 2 O production at high ammonium 59 (NH 4 + ) levels and sufficient O 2 supply 10 . However, not all AOB share the same route for N 2 O 60 production. N. communis, for example, has no homologues of genes encoding a canonical copper-61 containing NirK 11 . Thus, it is unlikely to be able to conduct canonical nitrifier-denitrification, even 62 though low production of N 2 O has been detected in a N. communis culture 12 . Most studies on AOB 63 ATCC 19718 4, 5, 13 , and different biochemical 64 routes responsible for N 2 O production in other AOB cannot be excluded. 65
In recent years, ammonia oxidation-related N 2 O production by several AOA strains has been reported 66 [14] [15] [16] and AOA abundance exceeds that of AOB by several orders of magnitude in some ecosystems 17,
67
18 . However, the mechanism(s) of N 2 O production by AOA appear to differ from that of AOB, as 68 AOA lack genes encoding a canonical HAO and NOR, which are 
Incubation experiments 148
Metabolically active cultures were concentrated and washed twice using fresh medium without NH 4 + 149 by centrifugation (Table S1 ), and resuspended in fresh medium containing 0.5 or 2 mM NH 4 + . Note 150 that the added NH 4 + concentrations were not optimal for all strains tested, but use of the same 151 concentrations for all strains maximized comparability of the chemical factors contributing to N 2 O 152 formation in the various growth media. Ca. N. sp. Nd2 was incubated with 0.5 mM NH 4 + only, as this 153 culture grew extremely slowly and is inhibited by high nitrous acid concentration formed under acidic 154 conditions. Cultures were incubated under different conditions and for different periods depending on 155 their different growth characteristics (Table S1 ). All treatments were carried out with 4-6 replicates. 156
Only N. communis (90 rpm, New Brunswick™ Innova® 42 Shaker) and N. nitrosa (90 rpm, GFL 157 3019 shaker) cultures were shaken during incubation. Before each sampling, bottles of all cultures 158 were mixed by shaking by hand. Samples (3 ml) for chemical and protein analyses were taken at 0, 2, 159 5, 8 and 13 h on the first day, and thereafter every 12 or 24 h, and transferred to 2-ml and 1.5-ml 160 autoclaved Eppendorf tubes, respectively. The tubes were centrifuged immediately at 8000 g (4°C) for 161 10 min, and 1.2 ml of supernatant was transferred to two 1.5 ml Eppendorf tubes containing 75 µl 480 162 mM (for 2 mM NH 4 + treatment) or 160 mM (for 0.5 mM NH 4 + treatment) sulfanilamide in 0.8 M HCl 163 for quantification of NH 2 OH (see below). Another 0.2 ml supernatant was transferred to a 1.5-ml 164
Eppendorf tube for NH 4 + and NO 2 -analyses (see below) and the remaining liquid and pellet were 165 frozen at -20°C for protein quantification (see below). To prevent any potential effect of phenol red on 166 NH 2 OH analysis, N. europaea and N. multiformis were grown in parallel in media buffered with 167 HEPES without and with phenol red to facilitate maintenance of pH between pH 7.5 and 8 by addition 168 of sterilized 5% (w/v) Na 2 CO 3 . Ca. N. sp. Nd2 cultures were not buffered and pH was determined 169 daily by pH measurement of 2-ml samples. For cultures buffered with CaCO 3 , pH was stable at ~8.2 170 throughout the incubation period. 
Determination of abiotic NH 2 OH decay rates under ambient air conditions 172
Abiotic NH 2 OH decay was quantified in S&W (with HEPES buffer) and modified AOA (with CaCO 3 173 buffer) media used in this study at the respective growth temperatures. The freshwater medium for Ca. 174 N. sp. Nd2 and N. viennensis was not tested for abiotic NH 2 OH decay since no extracellular NH 2 OH 175 was observed during NH 3 oxidation by these cultures. Well-aerated medium (40 ml) was added to 176 120-ml glass serum bottles followed by different amounts (4, 8, 20 and 40 µl) of 5 mM NH 2 OH to 177 reach final concentrations of 0.5, 1, 2.5 and 5 µM, respectively. Subsequently, 1.6 ml 50 mM NO 2 -178 was added to give a final concentration of 2 mM to simulate abiotic NH 2 OH decay in the presence of 179
Bottles were then capped with aluminum foil and incubated at 30, 37 and 46°C. Samples (1.2 ml) 180
were taken after 0, 1, 2, 5 and 8 h and transferred to 1.5-ml Eppendorf tubes containing 75 µl 480 mM 181 (for 2 mM NO 2 -treatment) or 160 mM (for the treatment without NO 2 -addition) sulfanilamide in 0.8 182 M HCl. Samples were frozen at -20°C until quantification of NH 2 OH (see below). 183
Chemical assays 184
Hydroxylamine concentration was determined according to the method of Liu et al. 30 . Briefly, 1.2 ml 185 of sample, thawed at room temperature, was transferred to a 22-ml glass vial and 4.8 ml deionized 186 water was added, yielding a pH of ~2. Then, 0.6 ml of 25 mM FeCl 3 was added to the vial, which was 187 immediately closed gas-tight with a crimping tool. Control vials contained sample and water only to 188 assess N 2 O in the headspace and dissolved in the sample. The vials were shaken for 3 h at 200 rpm and 189 then transferred to an autosampler for N 2 O analysis by a gas chromatograph (GC) with an electron 190 capture detector (ECD) as described in Liu et al. 30 . -in all other cases), taking into account the abiotic decay rate of the very reactive 202 NH 2 OH, which followed first-order reaction kinetics: 203
where C is the NH 2 OH concentration (µM) at decay time t (h), C 0 is the initial NH 2 OH concentration 205 (µM) and k is the first-order rate constant. 206
The NH 2 OH:final product ratio was calculated as: 207
where r (dimensionless) is the NH 2 OH:final product ratio between t 1 and t 2 , C t1 and C t2 (µM) are the 209 measured NH 2 OH concentrations at t 1 and t 2 , respectively, C i (µM) is the interpolated NH 2 OH 210 concentration between times t 1 and t 2 (t 2 -t 1 = 1 hour), C t1 ' and C t2 ' (µM) are the NO 2 -or (for 211 comammox) NO 3 -concentrations at t 1 and t 2 , and k is the average value of the measured kinetic 212 constant for abiotic NH 2 OH decay in the range of 0.5-2.5 (for HEPES buffered medium) or 0.5-5 (for 213 CaCO 3 buffered medium) µM initial NH 2 OH concentrations. Note that the presence of NO 2 -in the 214 medium would also decrease k. As k was determined in the absence or presence of 2 mM NO 2 -, loss of 215 NH 2 OH was calculated using an average value of k determined at 0 or 2 mM NO 
where C i is the concentration of NH 2 OH during the i th and (i+1) th sampling, r i is the theoretical abiotic 235 N 2 O production ratio determined as described in section 2.6, and C is the concentration of NH 4 + 236 consumed during incubation. Note that r i was strongly dependent on NO 2 -concentration. Abiotic N 2 O 237 production within a certain time period when NO 2 -concentration was <1 mM, 1-1.5 mM and >1.5 238 mM was calculated using r i values for NO 2 -concentrations of 0, 1 and 2 mM, respectively. As r i 239 increased with increasing NO 2 -concentration, this definition of r i may have led to underestimation or 240 overestimation of abiotic N 2 O production when NO 2 -concentration was < or >1.5 mM, respectively. 241
Data analyses 242
Abiotic NH 2 OH decay was fitted to first-order reaction equations by the R software package (version 243 3.1.0). The coefficients of determination (R 2 ) were larger than 0.99. Paired t-tests (R, version 3.1.0) 244 were used to identify significant differences in NH 2 OH concentrations between two time points during 245 culture incubation. 
Extracellular NH 2 OH from autotrophic ammonia oxidizers 250
The NH 2 OH concentration in the medium during NH 3 oxidation differed significantly among AOB 251 cultures (Fig. 1) To better understand the presence of extracellular NH 2 OH during ammonia oxidation of the tested 325 organisms, a series of NH 2 OH abiotic decay and formation experiments were conducted with different 326 media, incubation temperatures and NO 2 -concentrations (Fig. 4) . All three factors, i.e., medium type, 327 temperature and NO 2 -concentration, had strong effects on the rate of abiotic NH 2 OH decay. The decay 328 rate was faster in CaCO 3 than in HEPES-buffered media: 0.5 to 2.5 µM NH 2 OH decayed abiotically at 329 30°C within ~8 h and ~30 h in the CaCO 3 and HEPES-buffered media, respectively. Consequently, the 330 first-order rate constants for abiotic NH 2 OH decay were much higher in the CaCO 3 than in the 331 HEPES-buffered media, with an average value approximately fourfold larger in the former (0.71 vs. 332 0.16) (Table S2 ). Temperature increased the rate of abiotic NH 2 OH decay (with a single exception, see 333 Table S2 ). The decay time at 46°C (~4 h) was half that at 30°C (~8 h) for the CaCO 3 medium, and the 334 average first-order rate constant was ~80% greater at 46°C (1.31) than at 30°C (0.71). Nitrite, however, 335 unexpectedly inhibited abiotic NH 2 OH decay in both media tested (Figure 4 , Table S2 ), although NO 2 -336 is known to oxidize NH 2 OH to N 2 O, albeit preferentially at low pH (e.g., Heil et al., 2014 34 ). This 337 stabilizing effect of NO 2 -was particularly pronounced at higher temperatures for the CaCO 3 medium, 338
where the first-order rate constant decreased by 52% for 2 mM NO 2 -at 46°C compared to the absence 339 of NO 2 -. To exclude the possibility of abiotic conversion of NO 2 -to NH 2 OH by components of the 340 medium, an additional test was conducted using the more active CaCO 3 -buffered medium (compared 341 to the HEPES-buffered medium) at the highest culture incubation temperature, but no abiotic 342 conversion of NO 2 -to NH 2 OH occurred (Experiment S3). An additional 15 N-NO 2 -experiment showed 343 that NO 2 -did not interfere with the NH 2 OH analysis (Experiment S4, Table S3 ). Under alkaline 344 conditions, one product of NH 2 OH abiotic decay is NO 2 -47 , which has been also observed in abiotic 345 NH 2 OH decay experiments in CaCO 3 -buffered medium in this study (Experiment S5, Fig. S3 ). In 346 addition to NO 2 -and N 2 O, nitrogen dioxide (NO 2 ), but almost no NO, was observed during the abiotic 347 NH 2 OH decay (Fig. S2) . The presence of NO 2 may explain the observation of abiotic NH 2 OH-to-NO 2 -348 conversion as NO 2 is highly reactive and can hydrolyze to nitric acid (HNO 2 ) and nitrous acid (HNO 3 ) 349 in aqueous solution. Consequently, NO 2 -, N 2 O and NO 2 comprised approximately 18.5%, 9.8% and 350 32.1%, respectively, of the abiotically decayed NH 2 OH in the CaCO 3 -buffered medium (Fig. S2, S3 First-order kinetic rate constants and Equation 2 were used to estimate both instantaneous and total 364 NH 2 OH:final product ratios during NH 3 oxidation by those cultures producing relatively high NH 2 OH 365 concentrations, i.e. N. europaea, N. multiformis, N. gargensis and Ca. N. inopinata ( Fig. S4 and Table  366 1). For the three pure cultures (N. europaea, N. multiformis and N. gargensis), instantaneous 367 NH 2 OH:final product ratios were in the range 0.1 to 0.6% during early phases of the incubation 368 experiments, but several-fold higher as the substrate NH 4 + was nearly consumed, e.g., as high as about 369 4% for N. multiformis (Fig. S4) . For the comammox organism Ca. N. inopinata, instantaneous 370 NH 2 OH:final product ratios were in the range 0.1 to 2.6% and 0.9 to 5.7% at 0.5 and 2 mM initial 371 NH 4 + concentration, respectively, also with higher values at the end of incubation (Fig. S4) . Generally, 372
Ca. N. inopinata had the largest total NH 2 OH:final product ratio of all cultures tested, with ratios of 373 0.63% and 1.92% after incubation for 60 h at 0.5 and 2 mM initial NH 4 + concentration, respectively 374 (Table 1 
